In previous studies, energy generation in a fusion DEMO reactor was estimated by accounting for prompt heat production only, neglecting the decay heat generated from the decay of radioactive isotopes. In this work, based on a helium-cooled pebble bed (HCPB) ceramic blanket which is one of the European DEMO concepts, the decay heat generated in different components is estimated as a function of cooling time is performed in order to assess its contribution. The code system HERCULES, by coupling the MCNP particle transport and the activation inventory FISPACT, is used for the calculation of prompt energy deposition and decay heat for all components in the HCPB DEMO reactor. It is found that, relative to fusion power of 2.7GW, the activated nuclides generated decay heat are <3% at the cooling time of 1 second assuming a power plant operation scenarios. This study suggests that the material selection has a significant impact on decay heat.
Introduction

1
Power generation is one of the key functions that need to be demonstrated in a DEMO reactor in order to achieve the ultimate goal of fusion energy: to attain a commercial fusion power plant to supply electricity. In previous studies [1] [2] [3] [4] , only prompt heat production was accounted for in power production for a D-T fusion power plant. Decay heat was neglected, even though it could be an important contribution to heating of components, especially in in-vessel of a tokamak device, such as the first wall, blanket and divertor. Decay heat is produced from the decay of radioactive isotopes that have been activated by neutrons in a radiation environment e.g. within a D-T fusion DEMO reactor.
An accurate prediction of the total decay heat and its time dependence is essential for determining the heat removal requirements after reactor shutdown, during transportation and storage of the radioactive materials, and also the contribution to the energy production of a DEMO reactor. A DEMO fusion reactor model adopted in the work and calculation tools are presented in Section 2. In Section 3, contribution of estimated decay heats generated in different components to the fusion power is assessed as a function of cooling time. Section 4 provides a summary.
Model and tools
In this work, the reference design for DEMO, proposed in 2009 at CCFE [5] , is employed as the base *Corresponding author. Email: Shanliang.Zheng@ccfe.ac.uk model. The blanket design used is a helium-cooled pebble bed (HCPB) ceramic concept which is one of the breeding blanket module concepts in European DEMO study [6] . The tritium breeder is Li 4 SiO 4 with beryllium as the neutron multiplier. The reduced activation ferritic-martensitic steel EUROFER acts as the structural material cooled by helium gas. The basic parameters of the HCPB DEMO reactor are listed in Table 1 . The code system HERCULES [7] , which couples the particle transport code MCNP [8] and the activation inventory code FISPACT [9] , is used for the calculation. HERCULES can evaluate the prompt energy deposition with MCNP and the IAEA fusion nuclear data library FENDL-2.1 [10] , and the decay heat with FISPACT and the activation data library EAF2007 [11] , for all components in the neutronics calculation model of the HCPB DEMO reactor. This model is a 90-degree toroidal sector defined in a two-dimensional (2D) model. It was developed based on a template produced within HERCULES to simulate the HCPB DEMO reactor. It should be noted that toroidal ports are not included in this model. The vertical cross section view of the MCNP model is shown in Figure 1 . The material compositions and the component weights are given in Table 2 . The quantities of radioactive isotopes are dependant on irradiation time and operation scenario assumptions. In this work, the following five operation scenarios are assumed in order to assess a pulsed DEMO [12] [13] [14] as well as a steady-state condition. 1) 8-hour irradiation at full power operation; 2) 1-month irradiation at full power operation; 3) 6-month irradiation at full power operation; 4) 30-year irradiation: in each year, half year on at full power operation and half year off in maintenance (50% availability); 5) 30-year irradiation in a European fusion PPCS (Power Plant Conceptual Study) model B type scenario [15] [16] [17] : 2.5 years at full power, 2 months maintenance, 2.5 years at full power, 10 months maintenance, repeat 5 times (85.7% availability). In this work, we assume that components are not replaced. 
Results and discussion
Basic neutronics parameters
In a D-T fusion DEMO reactor, tritium self-sufficiency is an essential requirement. The total tritium breeding ratio (TBR) is evaluated to be ~1.12 in this HCPB DEMO reactor model. Relative to the fusion power of 2.7 GW, and considering that the D-T fusion neutrons carry 80% of the energy from the fusion plasma chamber into materials (i.e. 2.16 GW), MCNP calculations estimate a total of ~3.0 GW power generated from the prompt neutron reactions in the tokamak device. This power is distributed throughout all components as shown in Table 3 , including the first wall, blanket, divertor, shielding, vacuum vessel and magnetic field coils. This results in an energy multiplication factor of M ≈ 1.39, which is defined as the ratio of total prompt neutron and photon energy deposition in all components of the reactor to the fusion neutron energy (which is 80% of the total fusion power). The first wall and blanket are the components to obtain most of the neutron energy deposition, ~80% of the total neutron energy deposition in the tokamak device. The divertor carries ~16% neutrons energy in the model used in this work. 
Total decay heat
Each irradiation scenario, total decay heats at the specified cooling time are evaluated: 1 second, 1 hour, 10 hours, 1 day, 3 days, 7 days, 12 days, 21 days, 30 days, 3 months, 6 months and 1 year. As shown in Figure 2 , 40.6 MW, 56.8 MW, 60.3 MW, 70.2 MW and 77.9 MW of decay heats are released from the radioactive nuclides at cooling time of 1 second after the corresponding irradiation durations of 8 hours, 1 month, 6 months, 30 years and the same operation scenario as PPCS-B model. In all the cases, the neutron source power remains at 2.16 GW. All the decay heats are estimated assuming the reactor is shutdown. Relative to the fusion power of 2.7 GW, the fractions of decay heat at all the operation scenarios (shown in Figure 3 ) are less than 3% at 1 second after the shutdown. After 1 day cooling time, the decay heats do not contribute more than 1% relative to the total fusion power of 2.7 GW. At 1 year cooling the decay heats decrease by one more order of magnitude. It is concluded that decay heat does not play significant role in the energy multiplication. 
Component decay heat
The decay heat is spread throughout the different components similarly to the prompt heat (shown in Table 3 ). In order to evaluate how much heat was neglected in previous studies, the percentages of the decay heat to the prompt heat after the different irradiation histories are shown in Figure 4 and Figure 5 . Because the decay heat drops rapidly with cooling time, results in two cooling times are presented, 1 second and 1 hour. In general, the decay heat fractions in the divertor armour and structure are more than those in the remaining components. W-187 is one of the dominant radioactive isotopes for decay heat in the divertor armour (~71% at 1 s and ~99% at 1 h) where the highest ratio exists in the divertor structure, where Re-186 and Re-188 contribute significantly to the total decay heat after 30 years irradiation. The decay heats in the blanket and vacuum vessel are smaller than all other components. Radionuclide contributions include a widely spread variety of radioactive isotopes, and no outstanding contributions from particular isotopes are highlighted here. In the components which contain EUROFER (in this model, the components are defined as FW, back plate, shield, divertor structure, divertor base, divertor support and divertor shield), Mn-56 (half-life ~2.57 hr)
gives a contribution more than 60% at cooling times of 1 s and 1 h. As shown in Table 4 , a single cell in each component is selected to evaluate the contribution of decay heat to the total heat at the location with the highest neutron flux in the model. The first wall, blanket, back plate, shield and vacuum vessel are all placed at the equatorial module (indicated as "1" in Figure 1 ). As the major energy carrier, the blanket does not produce a significant amount of decay heat. However, the decay heat in the divertor armour becomes very important at longer irradiation times.
Conclusion
Based on a reference design of the HCPB DEMO fusion reactor, proposed by CCFE in 2009, preliminary analyses are carried out to evaluate decay heat. In this work, when only prompt neutrons and gammas are considered, it is evaluated that an energy multiplication factor is 1.39 relative to a neutron power of 2.16 GW, which is 80% of the total fusion power of 2.7 GW. The total decay heat generated by activated materials is (relative to the total fusion power) <3% at 1 second cooling time, <1% at 1 day cooling time, and <0.1% at 1 year cooling time. As a result, the decay heats are not particularly significant in terms of the overall energy multiplication in this tokamak device, but are important for safety studies, especially in some local regions. The ratio of decay heat to prompt heat in the divertor armour, however, can be as high as 10% and up to ~48.7% in one particular region with the highest neutron flux. These results correspond to an assumed 30 year operational lifetime of the device with 50% availability. In all calculations, the decay heat is estimated after the reactor is shutdown. The decay heat also exists whilst the reactor is still operational. Thus it is important to assess decay heat in such power calculations. This study suggests that the material selection has a significant impact on decay heat. We will extend this study to other materials such as tungsten FW armour and other breeding materials.
